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INTRODUCTION

The photochemistry of plumes has been important for several years, of primary COIICCIII is
the formation of secondary pollutants in plumes. Among the species of interest are S[llfiil OS,

nitrates, ,at~d oxidants. Sulfates and nitrates can contribute to acid dcposif, ion and fi~llfi]t (’s

can also produce visibility impairment. Oxidants, such as OZOIIC iuI(l l)(:rox~~~(~t,ylllit,liit (,

are linked to health and vegetation effects,

Davisl reported ozone formation in an eastern power plant plume several years ago ii II(I

suggested a rcactirm pathway which involved free radical and sulfur cllen:istry. IIc rvl)~)r~(~(l
depletion of ozone in the early part of the plume travel followed by foril]atioil of illl ozoI” I(I

bulge on llIC sides of the plL’mw. At Iargc distances downwind 11(:folllld at] OZO1)CI”ill~l(”il>~
as the p]ulne was traversed. lIowcvcr, his proposed mcchanisnl has not I)(Y:I1sul)l)ortc(l l))

otllcr studies and power plant pllllncs in tllc southwest have’ g(!])(!riilly 1)()(, exliil)it(’(1 OZOII(,”

il]creases. One plumcz ill tl]C SOUtllW(’St did SC(;I11 to }litV~ an OXOll(! I)lllg(! iit larg(: (lolvlll~illll

(Iistanccs,

I)llotocl)(’]rlicitl” I11OCICISfor visitJility ikpl)lica,tions normally sufl’er f’roll) S(!VCrill Iilllitilti[)lls
wl)icll il])})air ti)eir application to poiilt source plumes, I.agriulgiall tyl)(’ Illodc]s Sllff(’1’fl’olll
all illilllility to ]Iandle wil]d shear al!(! revc’r sing winds while It(ll(griilll I)<as(xlsyst(q]ls sll)(’;lr
the pll~,nw unrealistically during the early part of its travel, ‘1’0avoi(l tll(!s(: ])rol)l(’l)w il II($IY

1110(1(’1 Ilas 1)(’(’11d(:v(’lo])(xl all(l COllll)ii.ll!d to Ill(!asurcnmnts ])(*ara soutllw(’st(’r[] l)ow’(Irl~liIlll

‘1’11(? llcW syst(!Ill is [lUilSi- I,agratlgiiill in tl]at tile grid at allj j){oil]t ill til)l(~ cov(Irs t,l)(’YOIIIIII(”

()(’(slll)i(’(lI)y (x)l)tal]}ii)ants al tliat till)(’, (~olls(’(lllently, tll(’ 1110({(’1(’(1 vollllll(: is stll;lll (llllill~’,
t]l(’ (’ill’]j’ ])ortiotl” of t,~l(’1)](1111(* iLll(l (’Xl) iLll(lS Wittl tilll(:, IIOW(’V(T, ul]lilu’ I,ilgl’;lllgiilll lllo(l(’1~,

(11(’ 1110(1(’1(’(1 VOIIIII1(* is (I(:scril)(d 1)~ (’(’IIS itIIlollg Wl]icll (:ol)tillll iliilllt,,+ ill{’ 1)0111 il(lv(’(’t(vl ;111(1

(Iifrlls(d i!ll(l to which II(WV])11111]($Il)ilt,(’riill (“aii h: a(l(l(xl,

‘1’11(” Illo(l(’1 is ({tiv(’11I)y wilitls, t(’llil)(’I’ittlll r{ ’$, im(i turl)ul(vi(w i)lovi(!(vl I)y a tl)l’(’(’-(lill)(’!}si(!ilill.
l)rogllosti(’,” lli~ll(’r or(l(’r tl]rl)lll(’il(x’, iltlllosl)tl($ri(” cirr~llatio]l tllo(l(’1 (llo’I’hlA(;), (’t)iis(I
(Illcl]tly, if, (’illl (l~wcrilw I)llllllr traw’1 illl(l (Iisl)crsioll ill (’OI1)I)I(*Xt($rraill itll(l ov(*r il (Iillrll;ll
(’y(’l(’,

‘1’!Ivlllo(l(*lil)~~syst(*lll is (I(wigllv(l 1A)(1A with th($ collll)l(’xiti(w wl)i(’11(J(XIII wlI(’11 INJII i~)ll~
t)f tl)(’ ])111111(* ;~,rriv(’at tl\(* s;ltl)(, l)oil)l, wil,ll (lifr(~r(~l~tIlisl,ori(*s, 1“01” (*Xillll])l(’, Il)iil(’1’iill 11(’(11

111(’ !iI1l’fil(’(’ Illii,’j 11/lV(* il 11111(’11 slow(*r \f(*lo(it,y t}){kllIl)ilt(’1’iill illofl., 1)11[ ~lllliil~~1,1)(’llil~’1 illll,
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mixing can bring the materials together. An additional complexity, which tll(’ IIWIC1 tuv~ts,
is different behavior found within a plume. In the interior of the plul]mt IIigll c[)llco]ltr;ltiolls”
of nitric oxide may minimize reactions which form aerosols, wllilc on tllc c{!gt~ of ttlc 1)111111(’
the reaction rates may be much greater.

The chemistry description in the model is bad upon the carbon-bond IV l]~c!cllnllisr]~3wi 1])
additional reactions for methane, sulfur cllcmistry, aerosol formation, and aerosol growth.
The model has lmcn applied to the Grand Canyon region whmc wiml-slwars al)(l dillrtlill

changes in direction produce very complex pcdlutan~ trajectories.

THE

Model

METEOROLOGICAL MODELING SYSTEM

Formulation

ll(Y1’MAC is a tl)rc~+{lill~cllsiollal time-dcpcndcnt model devclopm] I)y ‘I’. YitIlliL(l~il. It Ils(js
tllc hydrostatic approxiil]atio!l ail(l a tcrrai[l Iollow;l]g coordillat(! systcl]l ill whici] tll(’ Y(’l”llit’ill

coor(linatc :*, is given by:

(1)

whm! z~ is tllc lwight, of ttw ground i-u)d II is the height of tllc to]) of Illt)(lt’1(Iolllilill. // IS

(!qllill h) II ll~inus tl]r Iwight of tllc higllmt. tmrain in tllc dolllilil’,

110’1’MAC SOIVCSCollsrrvili,iml r(:~.it.ioiis for tlw horimllta] wind (.OIII])OII(~IIt, s,” l)ot(~lltiiil t(~III

pcri~turrt Ilwisturr! t~lrbulcnt. kim%ir mwrgy, and tlw turl)ulvilcr lf”llgt,ll S(I;IIII, 11()’I’MA(’
dcscribrs a(lvvctiol), (moriolisCfr(’cts, tl~rl)lllcllt tr;lllsf(!r of Il(mtt Illt)lll(’lltlllll, il,ll(l IIlt)istllr(’, 11
ill N() dwwrilws W)lill’ 4111(1 trrrcstrial ril(]liltif)l} (!fr(’d+l,turbuhwt Ilist, ory(’lr(’[’ts, ;111(1(ll”il~~ il II(1

ril(liiltioll dr(djN of formt (“illlol)i(’sm

I’:(llliltioll 2 rtq~rmcnl,s tll{’ colmmwbtion quutiol] f(w tlm (mit-w(wt (’OIIIIJ1)III’111l)f 11101:1(*111.11111,

‘[’11(’ total rilt(” of (“lliulg(’ of tlw II C(}lll]mllfvlt of tllf! wind is (’(ill;.l to tll(’ sIIII) 1)(a m)riolis 1(’rlII,

it l)lloYilll(”J” t(~rlil, tW() llOriZolltill (’[I(IY trilllsl)ort t(’rtils WI(I iL V(’rti(-ill Illolll(’11111111 l.1’illlSllol I

t:*riil.
~1

(),--(,W i~:$!;; =,J( v -’ v,) -t-!)---- ~.),, /),,. . .. . . . (:’)



V9 is the north-south component of the geostrophic wind. (0.) is the horizontal average of
the virtual potential temperature. ~quat;on 3 is a similar expression for the north-smltll
components of morllent urn,

13quation 4 is derived from the hydrostatic approximation and it dcscril]cs tlm v(:rti(i~l v(’-

Iocity ~“, ill the z- coordinate system.

(4)

Equation 5 is the energy conservation Mquation which dcscribcs the total rate of Cllilll~(’ 01

the potcntia] tcmpmaturc.

‘1’llc last two tcrlm arc tlw contributions from divergence of tlw scnsil)lc Ilv:lt 1!11s iill(l

divergence of tlw radiatim [irld. /~N is thf.! ]o[lg wav~ radiatiOl] [l[lx.

Itquation (i (Icscrilws tlw collscrvatioll of nmisturc IIlixing r;ltio.

%=:[’’’++%[’’%1+ L!+’-’’’(”)
((i)

(i)

i)(-)m ==.--frlq,i’Af-,—.
d:

(s)
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The turbulent fluxes involve two other factors: f, and q in addition LOthe gridic]]ts i~l](l
the factor ~M which is a function of the flux Richardson number. Sill]plm lllodds WOUI(I
use some form of the latter two factors, but not q the turbulence speed or 1 which is tlw
turbulence length scale. q and / are obtained by solving Equations 9 and 10.

(!))

(lo)

‘1’lwdvvrlo])illw)t of t Iwsc llquaticms and form of the factors is (Icscril)(xl I)y }’iLlllil(liJ; :111(1
h4(410r and Yiir1d~7.

\fVitllin the soil, Ilquat.ion 11 applim:

w; d (),{trl;-z=% ‘z “
(11)
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where u- is the friction velocity and 0= is a temperature scale which is defi ncd by:

(14)

In Equation 14, LJ is a stability correction factor which is zero during neutral atnmspheric
stability. Similar expressions are used to define u= except that velocity at tllc ground is zt’ro.
LE is the latent energy flux and G, is the soil heat flux. Equations 15 and 16 [Icscribc LI]CS(I
variables.

THE PARTICLE

Model Formulation

LE = paJhL”Q*.

(la = 4+..
s

TRANSPORT CODE RAPTAD

(15)

(l(i)

R.APTAD is a Monte ~arlo random particle statistical difTusion code, d(!vclopt!d I)y ‘I’(vI
Yil[1iildFL8, I)scudo-particles arc transported with instantancmus vclocilics thfit il]clufl(! lIINI
mciin wind fivld and the turbulence vclocitie,i, Tlw turbulence velocity is g(vlcrat,(’(1~ill](lol]]l)”

consistent with the standard deviation of the wind at the piirtich! Iocatioll. ‘1’1)(’lo(:iltio]l”

of (!ach pseilcio-])articl~ r’~prescnts ttle ccl]tcr of mkss of a Collct!iltratioil (Iistril)fltioil for

each pufl. ‘1’IN!total umccntration at filly poilit is ~4tailA I)y ii(l(lillg III(I (:ol](.(’lilrilliol~”

coi]trib(]tiolls of each pulr at that point. (a kernel Incthod).

(Nl]cr pat-tick’ transport ~odcs produtw concentrations by count,illg ])ilrti(”l(’!+ witllili it Sillll-

pling volullwm ‘1’hc collll~utcd Com-mltration h!v(!l could vary collsi(l(”rill)ly (Iq)(’mlillg 111)011

tll(: siz(! of tll(: Sillll])liIlg Volulll(’ am! nunil)w of particles use d ill tl]t’ (“()[])])llt.ilt,i()ll. II\)~(’~ilill

I)]c, if ttlc s;u]lplillg volulllu is vrry !iIllilll, tlic collcclltratiml (Iistriblltioll I)(YX)III(W(w(.(’ssiv(’iy
ViLrjiLl)l(! ill S]);1(:(!, 011 tllc other hand, if tllc sampliug volulll(: is too lill”~(’, tli(~ (’oll(’(’lll,~illli[ )ll

(li~tril)lltioil will 1)(: ov~r sl)lootl](xl. ‘1’lIc kmllcl l]~ctllod avoids this fliflmllty ili](l l)rovi(l(ls
slllootll C(Jll(’(’lltriLt jell distrib.ltions with r[!litti V(!lyfcw pilrti(!l(!S,

(i
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The first step is to calculate the positions and turbulence history of a group of psclJ(lo-

particles that represent the emissions from a release. Locations of particles are computml
from:

~i(t + At) = ~i(t!)+ UpiAf (17)

where
Upi = Ui + Ui (Is)

and
()At

a =exp -—
tLri

6 = (1 - a2)1/2

(1!))

(’w)

(?1)

In the above expressions UPi is the particle velocity in the ~i dirt.xtion, Ui is the man Velocitj.,
?~iis the turbulence velocity, ~ is a random number from a Gaussian distribution with zmo
mean and unit variance, tJ,=iis the Lagrangian integral time scale for the velocity U,. a,,l
is the variance of the velocity fluctuation Ul, and 6i3 is the I)irac dc]ta. ‘1’hc ]ast Lcrtll (JII

the right hand sick of Equation ]9 w= introduced by Legg and Itiupacll” to prcnwllt LII(I
accumulation 0[ particles in low-energy arcu. The merm velocity Ui and vwtica.1 vckity
variance ~i are obtained from tllc output of HOTMAC.

The Monte Carlo kernel method requires that a functional form for the distrilmtion IWTII(II

1)(: CIIOSCI1 ail(l that parameters that describe the width, breadth, and (icpth of the dist ri!)ll-
t,ion he calc[llatcd. Various functional forms can bc iissurncd t,o express t,lI(I ~oll~(~])triltioll

distribution in tht! puff. Onc of t.hc simplest ways is to assume a Chiq)mw distril]ution wlwr(’

Vilriall Cui iwc dd.mlllincd as tllc time integration of t]lc velocity variamrs (!llcollllt,(!l’(!(l01’(’1”

the history of the puff. ‘1’hcconccntraticm h!vcl at a given til]l(! and Sl)il(”(!is [lrtrrl]li]](’~1 ;]s
the sum of the cone.cntrations each puff contributes. ‘f’hc concentratioli ~ iit ( .Y, ;’, X) is

rstinl~tml by using the following expression:

x(”~,}’,Z) -- QAt N 1E ( dgo(k - .~ )

(2m)’1/~k=, Cr=,u,,a,, \’ - /%ru., “)
(w)

/( )(abs(zk - Z) + , UIM(Zk+ X - Z,)
● ——

‘ “- ‘- w%,
- .——— —.—

w%,,\ )}

7
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where (xk, yk, Zk) is the location of the kt~ particle; a ~~!Uv~j and Uzk are standard ~leviatiolls

and z~ is the ground elevation. The variances are estimated based on Taylor’s homogc]lvwus
10 For example crv is obtained fromdiffusion theory .

H

c
uv-= 2.: ‘t

00

“u:’’~[+’’~exp(-+)-”,)
where a correlation function R(() = exp (~) is used. Equation 23 is approximated by

Ou = avt t < 2t~* (2.1)

and

UY2= 2i~vcr:t t > 2tLv (~;)

Although the turbulence field is not normally h~mogeneous, wc assume the theory call I)(I
applicable over a short tirnc period, such as an integration time step, Therefore,

ay(t + At) = Uy(i)+ audt : < 2fL” (N)

and

Uvz(t + At) = av2(t) + 2tLvUv2Att > 2t~U (27)

arc USC(I.Similar relations are used for the x and z directions. The standard dcwiatiom o,,. n,,,
and UWat each particle location arc obtained by interpolating grid values of a CO]l]p[ltiltioll

grid volume in which a particle is located.

llAI’’l’A1l served as the jumping off point for a ncw model called RA !)IIOX. 11.A1)IK)X
uscs thf! RAI’TAD formulation to dcscribc the positions of pseudo-particles an(l iwsori;lt ml
sigmas. The domain encompassed by the psucdo-particle positions is divided into calls. III
tllc a pplicatiom reported herein there arc 9 x 9 x 9 calls. l’hc x -axis of tllc CCIIcoordi IIill (t

sy~tc[n is oricntm.1 in the initial diruction of travel (with the wind at the source), wit]] t 11(1
y-axis normal to the x-axi~, and the z-axis is vertical. The donlain of the cells CY.I,(IIIIIS
from the Illilli[num x particle positiol] minus three times lhc maxilnuln a= to tllc lllitXillll! x

8
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particle position plus three times the maximum a., with similar extensions in the y-directiml.
In the vertical the cells extend from ZU, the maximum elevation oi tllc particles plus three
times the m=imum a, to Z1which is the ground unless the ground elevation is lower thal]
the larger of ZP1and z~ - H~l,. ZPI is the lowest particle position minus threr times the

maximum o=. While z~ - Hejf is the mem height minus the effective stack height. Letting
the coordinate system extend to the mean height minus the effective stack height rcduccs
the vertical definition of the plume but it avoids the dramatic changes in tllccell voluInc
and location which would otherwise occur during fumigation of an elev~tcd plume.

The side walls of the cells are oriented along the transformed x and y axes, but the tops and
bottoms of the cells are not necessarilyy horizontal planes because of the terrain irregulari-
ties. The bottom surface of the bottom cell is defined by two intersecting planes, One plane

) (~i+l,vj,zii+lj), and (~i+ltvj+l,zii+lj+l) while the oth~~ ii]-includ~ the points (~il Yj ?Ziij )

) (zi,~j+l) ~lij+l)t and (~i+l,yj+l) Zli+lj+l). TIIc cells equallycllldes the points (xi! Yj! Z/IJ )

divide the vertica~ domain. Figure 1 depicts a cell.

RAPBOX initially computes the particle positions over the first hour of travel before the
photochemistry CCIISare defined. RAPBOX then computes the concentrations of NOX at
each of the cell centers and the corresponding mean winds and the as. It also coNIpu[As
temperatures and the volume correction to standard conditions. At the next cell con]putaliol]
interval, normally five minutes later, the model comput~ the fraction of t.hc CCIIvolu ImI
which has been advectcd from the same or adjacent cells during the co]llputation interval.
It also computes how much NOX concentration has been added to the cdl ccnt,cr by pscudo-
particlcs released during the interval. In addition it computes hov: Inuch ccl] vollinw hiIs
l-men exchanged with adjacent cells by turbulent exchange during the interval.

Turbulen: volume cxchangc is calculated by considering the probability that a particle frolll
a cell will escape the ccl] during the interval. We begin by calculating the as of parti(:l(~s
starting at the ccntcr of the CCI1at the start of the interval. l’he treatment follows that
of Equations 23 through 27 with the initial o hcing zero. With tlw CIlapcim function
formulation the contribution of particles with a initial position of z’ at the point x is:

a6s(z – z’)
xr=l– —–—/zi. L7z

(2s)

considering ot]ly the one-dimensional formulation for simplicity. Wc assume that within thr
cell the conccutrations arc uniform, consequently wc can integrate mm tllc all the positions
in the CCIIwhich arc within /%cr= of the boundary at ZI. ‘1’IIcfraclicm of the ccl! VOIIIIII(I

9
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(2!))

which passes through the boundary ~1 is:

ll/Z”uz
F’l=~zz_=l,

with similar relations for the y and z ciirections.

The output of RAPBOX includes: (1) the positions of the cell cmters, (2) the NOX concen-
trations at the cell centers (first output set only; others are zero), (3) the NOX concentrations
at the cell centers associated with NOX emissions during the time interval, (4) the fraction
of the cell volume which has been advected into the cell from the u1l or adjacent CCIISduring
the preceding interval, and (5) the fraction of the cell volume which has been CXCI)iLIIgd

with adjacent cells during the interval. The file is a large file since for eacl] cell at cacll
time interval there are 27 cells involved with advection and 4 modes of dispersion. Because
cell center parameters are used volumes exchanged in the forward (+x) and backward (-x)
directions are the same and similarly for the lef[

THE PHOTOCHEMISTRY

and right directions.

CODE

The photochemistry code is based on the carbon bond IV system 3 with wlditimal rc~~tiolls
which describe the formation of sulfates and the formation of new particles and changes i1)
the particle size distribution. The sulfate formation scheme is based on the reactions:

S02 + OH ~ S04 + HOZ,

X02+S02+ S047
o +so~+ so,.

The additional reactions relating to pzu”ticlc formation and size distribution changes arc:

HNOZ + NH3 * N114S04 ,

2cn ~ m,

NI14N03 -+ ~cn + N[14N03,

S04 + pm+ S04,

10
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2ca 4 Ca,

m+mdava+m,

S04 4 qua,

NH4N03 ~ ozua,

NH4N03 ~ NH3 + HN03.

The particle formation reactions are based on a system in which the size dis~ribution is
composed of an accumulation mode and a condensation mode. Both modes are lognormal,
There are three variables to be solved for in this system: (1) the number concentration in tlllt
condensation mode en, (2) the number concentration in ti~ -cumulation mode ca, and (3)
the accumulation volume concentration va. In this model mean gmmetric diameter O(
the condensation mode, dgnn, the standard deviation of the condensation mode, sgm and the
standard deviation of the accumulation mode size distributLm, sg~ are input. The geometric
mean diameter of the number distribution of the accumulation

dgn.
()

= 4.209 e-”e7sa9a . ~ i .
ea

mode, dg.a, is given by:

(:Jo)

The carbon bond system is a widely used system for atmospheric photochcmical models. ‘II(
carbon bond IV formulation is appropriate for dealing with the effects of methane, isoprcnc,
and other hydrocarbons found in a relatively clean rural environment.

The model calculates the sun angle and uses photochemical dway constants Imscd ml c!
evation of 6000 feet for either summer or winter conditions. Th~ al,propriatc rat,cs i~(~rt.

developed based on radiative transfer calculations and will differ somewhat from the SCiI

Icvel values normally used in other photochemical models.

The rnodcl uses a stiff equation solver to compute the changes prodwwd by chemical re-
actions, transport, and diffusion. The additional terms associated with
form:

ACijk = ~ F’~l~”_ijkC/mn -(1 - ~,ijk-.ij~),

lmn+ijk

while the t.crms associated with diffusion are:

~Cij& =

~i+l,jk+,jk~i+l,jk + Pi-l,jk_ijkCi-l,jk +

11

advcct ion take thr

(:11)

(:]’))

(:!:1)



.

pij+l,k~ijkcij+l,k + pij-l,k~ijkct’.i-. :,k +

Pijk+l+ijkcijk+l + Pijk-1dijkcijk-1 –

Cijk ~ pijk4nan.
ijk#lmn

When the concentrations indices are beyond their defined ranges the background concentra-
tion is used instead. Background concentrations are calculated from initial conditions using
the stiff equation solver, so that the background calculations reflect the changes cxpectd
with sun angle.

COMPARISONS OF MODEL PREDICTIONS WITH
OBSERVATIONS

The Experiment al Dataset

Four separate sou~)lwcstcrn cxpcrilncntal datasets were chosen for crm]parison. AII sris
involve airplane tracings of the plume from the Navajo Generating Station, a large coal -fiv’ti
power plant Iocatcd in northern Arizona. Each of the sets includes mc~~urcmcnt.s of OZOII(’,

N02, NO, sulfates, and nitrates. Two of the sets come from the VISS’1’A cxpcrimcnts” i~t](l

rcprcscnt plume trackings during a winter day (Dccembcr 13, 1979) and a sulllmcr day (July
13, 1979), I)lumcs were traced to a downwind distance of S9 km ill the s:lnlllwr im(l 1 I!) kIII

in tlw winter, ‘1’hc published data for the July 13 case rcprcwmt a r~lil tivcly coillplctr set of
emissions nnd Illctcorology wl]ilc there were less details published on the winter cxpcrillwllt,

The othm two sets rcprcwwt rrrc~urcmcntsz made in August of 1980 wcrr m)t,ahlc, otw, otl
tl]~ aftcrnoml of tl]c 27t~, included a tracing of 140 km during ~t~il(ly winds ill](l tlwrr w(v(l
imlirntiom of ozone formatiml in tlw plume, The other was in thr prvdawn Ilmnillg d tlI(’
swnc dmy m~(l illvolwxl an il)tcractiol] with ])lumc Imigllt tcrrnill (I(lri]lg Htilt.)l(! cx)li(litiolls,

Ulifortlll]at(!ly, itt th(! tili~~ of th(! prq)nrntio[l of this paper the reports dwwrihillg thr (l(!l:\ils

of th{’ study wcrr not itvnilnidc, ‘1’lw puhlidlml data did include n Illlllh:r of (Ittwils whi(ll

flllow $0111(’ of the Ii]issil]g (I(!tnils to I)c fill(:d in. For instmlcc the Ill:)rnillg Iligllt Imwi(h’s I lNI
Iocnt,ioll 0( tlw tmrnin m thnt wpproxiilmtc wind dircction~ Cnll IN’(1.xlucv(l. ‘1’lw ilft(’1’llo~lll

[light rrlmrts tlw triLV(!l till](: so that wiii(l Spcfxls can bc dwlllrwl.

12
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Appronmate mctearological conditions for the August flights were derived from the 850,
700, and 500 mb charts for the same time. The charts suggest that the early morning winds
were from approximately that southwest to west-southwat at about 5-6 m/s. Later in the
day the winds would have been more westerly with speeds of about 4 m/s. Unfortunately,
emissions were not reported for either flight.

Model Input

The photochemical model requires an initial plume distribution with levels of all spccics
defined for a specific NOX comxmtration. For specie such as NOX, J02, and aerosol volume,
the initial concentration in a ccl! is proportional to the calculated NOX for the ccl]. h’ur
species such as ozone which are depleted in a rich NO environment, there arc two situations.
If the ratio, rut, of the calculated NOX to the initial plume NOX is greater than 1, the initia!
plume values are used. If rat is less than one, the cell concentration, yc, is c.alculatml as:

yc = rat” ys+(l -rat) ”yb, (3.1)

where ys is the initial plume concentration of the depleted species and yh is its I]ackgrollllfl
concentration.

The backgro~nd concentrations for rcactivc hydrocarbons play a major mlc in the l)lm-
tochcmistry. For this work back~round ICVCISfor light hydrocarbons were talicn M tlNI
Incdian values mcasu rcd in t hc Lake POWCHRmcarch l’rojcct 12 in remote ar(’ils IIcikr tll(’
Navajo Ccncrating Station. Values for isoprcnc were based oll calculatml VillllW (Iwwlol)(’(1
by invcstigators13 in Colorado. Their calculations were comistcnt with their 111(’il!illr(!ll:(’ 111.!i

ill a remote region of Coloradom It is important to r(”[lwnihcr tl)il.t tlwir Villll(Yi aII(l tlI(I

other hydrocarbon values were taken as rcprcacntativc of illidday condit imls. ‘1’llus LIUIS(I
valum wl)uld not mxxwmrily wrvc as apprr)printc initial mmditions. ‘1’YpiCiLll’jf, isol)rrll(’ illltl

olcllns wmc rapidly dcplctccl in the background atnlosphcrc during lhc c:)llrsc of lINSi]wlt’1
run. Consequent.ly timlwwhat higher initial comxmtrntions wmc rrquircd to o!)tnil; 110011tilll(’
vrducs cousistcllt with dnytin)c background valum,

I3



Results

The dawn flight on August ’27, 1980 represents an interesting case where high terrain il)-
fluenccd plume behavior. Figure 2 reports the modeled wind fields at initial plume hcigllt
above ground. Figure 3 reports the predicted wind field near the surface. The invcstigators2
reported that the terrain permitted mixing into the plume. Figure 4 shows the plume cross
section after the first half hour of travel. Note that the boundaries are taken as background
so that cell 2 is the first model calculated value and that the concentrations have been scald
by 10000. At about 65 km the plume has interacted with the high terrain and ~roduccd
considerable mixing as shown in Figure 5. The model domain is about 3.2 km by 900 meters
dnep, whereas at 17 km the plume was about 2.5 km in width and 750 meters deep. However,
the measurements suggest a more dilute plume with NOX concentrations of .OlOppm versus
.029ppm for the model. ‘l’he predicted S02 to sulfate conversions was about .07% at tlw
plume center rising to .3% away from the center while the me~ur~ value ww .~~~. ‘1’IN*
nitrate convcrsiom were about .0370 which is very low compared to the mc~surcrl valIIc of
11%.

The aftcrrmon of the 27~h represents another interesting case. This was the plulnc which WM
tracked to the greatest distance and some indication of ozone formation was found. l~igllr[’
6 reports the ozone amcmtration pattern about 2 hours downwind, whijc Figure ‘i ruports
the pattern at 7 hours downwind. For comparison Figure 8 reports the ozone COl]c(~lit~i~liol]

pattern at 8,5 hours downwind. Wc can scc that the ozone WM initially depleted througlmlt
the plume, but that an ofi’ plume Imlgc formed at 7 hours and spread at 8.51murs. l$igllr[~!)
reports the concentration pattern for a stable tracer with emissions cquivnlcnt to tlw totill
NOX. Dy comparison with Figure 8 wc can sw that the highest ozone crmcrntrntiolls (lo
not occur in the ccntcr of the plume. lloth Sulfate and Nitrntc forlilation wrr(: vury SIIIUII
compared to tlw [llt:~s(lrclrl(:l]ts.

I’hc ozone forrl]ation ~~)])f!ill’~ to Ix: associated with very dilute portimls 0[ thr plulll{y i]lixil]g
into backgrmlnd air with very little NOX. Trainer ct d 1:]rcportml tllilt Sll)illl illll!)lllltS .2 10

2 ppl) could produce 0;;011{’whcl) cmllbimxl with nmthanc and isolmvlr,

‘1’lw July 13 CM(! g[Lvc ozom: dcploticm~ thrrmglmut the plIIIII(! tr~vr! ‘1’lw dvlirits W(WJ
{Ll)l)roxilllilt(qly Conlparaldc to tlw nmuiurcd onm, ‘]’]1(!prm]ict(!fl Nll]f’ilti’ SIll[llr ilt ~.!) 111)111’s

[Iownwiml wnN tdmut . l[i% :. !)ilr tl~c mca~urcmcnt.s reported .I)8%. At 4,5 II OIIIW (Iowiiwiii{l

III{* l)r(*(li(:t(*(l valIl(! wi~q .:)% V(Y’Nll!l IL llN!JISlllX?(l VOIII(! 0[ 1 .(;%. ~]ll(:(! ilgilill t]l(’ llill’ilhiS W’11’

14
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relatively smal i.

The July 13 case dispiayed a simulation of inversion breakup.
defined plume aloft after 1.5 hours of travel. Figure 11 shows
after breakup and mixing at 3.25 hours downwind

Figure 10 displays a w{III
the concentration patterns

The December 13 case gave ozone depiction throughout the plume travel. Once again tlw
nitrates were very low. Sulfate concentrations were lCSSthan .OIYo, but the meagurcrncllts
also showed very low values.

CONCLUSIONS

A model has hccn dcvclopcd which shows promise for addressing tlw l)]]otocl~(!rllistrj” of

plurncs. The model is (irivcn by a three dimensional prognostic atmospheric circulatio!l
code, It simulates ~tagnation, inversion breakup, and high torri-un intcracticms. It is US(*(I
to provide input for a moving cdl dispersion and diflusion nmdcl. Fina]ly a l)llOto~l](:ll] i(.iil

[nodcl SOIVCS tll(; A:mical balanm ~quation~ for each CCII, ‘1’hc Itmdvl can provide dcfillitioll
of plume structure which would bc very hard to obtain with lhlcrian cmlcs.

Comparison of the Illodcl rcsult~ to cxpcrimcnts shows ozc)nc fornmtion silllil;w to IllCiLSlll”(’

lll(!nt. s, howcvor nitrate formation is greatly underestimated. Sulfntc forllh tioll is clew’r to
mcamrcd ViilU(?S,hut i~ gcmmdly illi(l(’restilllat(:(l, It is clrar tllili furthrr ilttf’lltioll to 111](’

1111(1(’r
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Figure 1: Depiction of a RAP130X cdl,
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Figure 2: Prcdictcd wind ficlrls during predawn hours of August 27 at inltinl plumr Imigllt.

Ckmtours arc in meters,
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Irigurc 3: Prcdictcd wind Iiclds during predawn hours of August 27 near the surface. Con-
tours arc in mctcrso
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W-YCIES 1S 21. FHET IS 1

Figure 4: Prcciictcd NOX crosswind concentrations at 11 km downwind before dawn 011

August 27, 1980.
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Figure 5: Predicted INOX crosswind concentrations at 65 km downwind before dawn OH

August 27, 1980.
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Figure 6: Predicted Ozom’ concentrations at two hours downwind on the afternoon of Augus[

27, 1980
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SPECIES 1S 5. NSET 1S 5

Figure7: Predicted Ozone concentrations at7hours downwind ontheaftcrnoon of Aug[lst

27, 1980
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Figure 8: Predicted Ozone concentrations at 8.5 hours downwind on the afternoon of August

27, 1980
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SPECIES IS 21, NSET IS 7
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Figure 9: Prcdicteci stable spccics concentrations at 8.5 hours downwind on the aftcrmmll

of August 27, 1980. Emissions arc set equal to total NOX emissions
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SPECIES IS 21, NSET IS 1

Figure 10: Prcdictcd stablcspccics concentrations

Emissions arcsctcqualt,o total NOXcmissions

at 1,5 hours downwind on July I:l,l!)i!),
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SPECIES 1S21, NSET IS 3

.

Figure 11: Prcdictml stablcspccics conccntrat.ions at 3 hours downwind on July 13,1!)7!).

I?rnissions arc set cqmd tototiil NOX emissions
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